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Introduction {#sec001}
============

Drug loaded nanoparticles (NPs) based cancer therapy possesses the potential to overcome the toxicity of the drug and its poor control on dosing when custom combination therapies are employed \[[@pone.0158084.ref001]--[@pone.0158084.ref004]\]. Since all the drugs used for cancer therapy have some side effects, which usually arise due to non-specificity of drug actions. For instance, in tumor therapy, side effects of cytotoxic drugs like bone marrow depression and reduction in immunity could be harmful to an extent that the therapy termination is mandatory \[[@pone.0158084.ref005], [@pone.0158084.ref006]\].

Precise and targeted delivery of drugs to the tumor have got much importance in order to address the limitations of traditional therapies; therefore, search for drug delivery methods has been prompted in last few years. The selectively targeted chemotherapeutic agents to the tumor can provide more effective cancer therapy. The problems associated with conventional chemotherapy can be avoided by using magnetic drug delivery system *i*.*e*. IONPs carriers targeted by an external magnetic field \[[@pone.0158084.ref007]--[@pone.0158084.ref011]\]. Alexiou *et al*. showed that magnetically targeted drug delivery can completely reduce the tumor in rabbits without any side effects. Furthermore, the applied drug dose could cut down as compared to that one is used regularly \[[@pone.0158084.ref007], [@pone.0158084.ref012]\].

The development of IONPs for target drug delivery needs to address the issues such as size and shape of the particles, surface coating and drug loading, in-vivo distribution of particles and most importantly the magnetic behavior of these particles \[[@pone.0158084.ref013], [@pone.0158084.ref014]\]. Issa *et al*. reported in 2011, that clusters of nanoparticles formed in the blood stream due to the high surface to volume. The absorption of plasma proteins on the nanoparticles surface results in activation of the clearance mechanism by macrophage cells before they approach the site to be targeted \[[@pone.0158084.ref015]\]. Recently, Obaidat *et al*. and Issa *et al*. presented concise reviews on surface effects in magnetic nanoparticles concerned with biomedical applications and for efficient hyperthermia respectively \[[@pone.0158084.ref014], [@pone.0158084.ref016]\]. Previously, authors reported that IONPs without any surface modification can stay in the blood for almost 4 hours and can evade reticulo-endothelial (RES) system \[[@pone.0158084.ref017]\]. The only issue with these particles is, without surface modification they are unable to load the sufficient amount of drug \[[@pone.0158084.ref018]\].

Various kinds of biocompatible and hydrophilic polymers including dextran \[[@pone.0158084.ref019]\], poly ethylene glycols (PEG) \[[@pone.0158084.ref020]\], PVA \[[@pone.0158084.ref021]\] and poly vinyl pyrrolidone (PVP) \[[@pone.0158084.ref022]\] can be used to functionalize the surface of IONPs to increase the circulation time and drug loading. The surface modification affects the magnetic properties of IONPs. The magnetic properties mainly saturation magnetization depends on the size of IONPs and surface effects that become significant as the size decreases \[[@pone.0158084.ref014], [@pone.0158084.ref023]\].

In most of the established medical applications, 10 nm is the preferred size of nanoparticles. At this size limit, the magnetic energy of the nanoparticles minimized up to the extent that they become single magnetic domain. Obaidat *et al*. observed the superparamagnetic behavior of nanoparticles when synthesized at the above mentioned scale without surface modification and their fast response to applied magnetic field keeping the remanence and coercivity negligible \[[@pone.0158084.ref016]\]. However, surface modification of nanoparticles can contribute in varying the size and magnetic behavior. Surface spin disorder was reported to occur in IONPs and lead to high magnetic anisotropy \[[@pone.0158084.ref024]\], which was initially explained in terms of a dead magnetic layer at the surface \[[@pone.0158084.ref025]\] and afterwards to the disordered surface spin \[[@pone.0158084.ref026], [@pone.0158084.ref027]\]. On the application of high magnetic fields, this disordered surface spin in nanoparticles could be a hurdle to attain saturation \[[@pone.0158084.ref028], [@pone.0158084.ref029]\]. The reduction in saturation magnetization with increasing PVA concentration was also reported by Kayal *et al*. \[[@pone.0158084.ref030]\]. The dilution effect of absorbed water whether it comes from PVA or DOX along with hydroxyl content (-OH) enormously affects the surface of nanoparticles by distortion in the alignment of surface spins \[[@pone.0158084.ref031]\].

Several studies presented the synthesis and characterization of PVA coated iron oxide nanoparticles but the upper limit of PVA concentration was not reported yet. In the present work, PVA is chosen for coating the magnetic nanoparticles, and Doxorubicin drug (DOX) is used as an anti-cancer agent. The main goal and novelty of the present work is to conjugate the DOX with PVA coated (3 and 6wt%) iron oxide nanoparticle carriers to study the magnetic behavior for in-vivo target drug delivery and to speculate judiciously the maximum concentration of PVA related to evaluation of saturation magnetization that would be necessary for the controlled movement of IONPs in blood under the influence of applied magnetic field. Generally, there is no minimum saturation magnetization reported so for regarding controlled movement of IONPs in blood but at much smaller values of magnetization; the applied external magnetic field required for controlled movement might reach to very high value \[[@pone.0158084.ref032]\].

Experimental Section {#sec002}
====================

Chemicals {#sec003}
---------

All reagents, iron (II) chloride, iron (III) chloride, sodium hydroxide and polyvinyl alcohol were purchased from MD Interactive Enterprise (JM051032-V) Malaysia and used without further purification. De-ionized water was used as a solvent in all experiments. Doxorubicin hydrochloride (DOX-HCl) was used for the drug loading.

Instruments {#sec004}
-----------

Bruker D8 Advance Diffractometer with Cu-Kα (λ = 1.5406 Å) radiation was used for X-ray powder diffraction measurements. XRD data was recorded across a 2θ range of 20° to 80° using a step size of 0.02°. TEM, HRTEM, and selected area electron diffraction (SAED) images were collected using JEM-2100 transmission electron microscope with accelerating voltage of 200 kV. Compositional analysis was carried out by EDS. Lake Shore's 7407 Vibrating Sample Magnetometer was used to obtain the magnetic measurements at room temperature with an applied magnetic field ranging from 0 to 10 kOe. FTIR spectroscopy (PerkinElmer Spectrum) with a resolution of 4 cm^-1^ was used to investigate the binding energies of all the PVA coated, and DOX loaded samples at room temperature.

Syntheses of uncoated and polymer (PVA) coated iron oxide nanoparticles {#sec005}
-----------------------------------------------------------------------

Uncoated iron oxide nanoparticles were synthesized by co-precipitation method. The synthesis methodology was same as reported by the author's previous work published elsewhere \[[@pone.0158084.ref033]\]. Firstly, 240 mL solution of FeCl~2~.4H~2~O (0.6 M) and FeCl~3~.6H~2~O (1.08 M) was prepared in deionized water. The prepared solution was stirred at 600 rpm for 25 min. to have complete dissolution of reactants at 60°C. The obtained solution has iron (II) chloride and iron (III) chloride with a molar ratio of 1:1.8. Afterward, this solution was poured drop wise in separately prepared 400 mL solution of NaOH (1.6 M) and maintained at stirring (800 rpm) for 25 min. at 60°C. As the reaction proceeds, a black precipitate of IONPs was formed but remained suspended in a base solution having pH of 11. The black precipitates were collected in the beaker with the help of strong permanent magnet and washed four times with deionized water. All the residual were removed with washing and the final pH of uncoated IONPs suspension lowered down to 7.2. The particles were then dried in vacuum oven at 40°C before characterization. It is worth mentioning that to avoid oxidation of iron from Fe^2+^ to Fe^3+^, synthesis was performed with a slightly low ratio of Fe^+3^ rather than utilizing the nitrogen environment as reported earlier \[[@pone.0158084.ref030]\].

The coating of PVA on IONPs was performed with slight modifications in reformed method as proposed by Kayal *et al*. \[[@pone.0158084.ref030]\]; 3 wt.% PVA coating was achieved at 80°C by adding deliberately one gram of dried nanoparticles and three grams of PVA in nighty six grams of DI water and complete dissolution of PVA was achieved under vigorous stirring. The final solution had the ratio of IONPs: PVA = 1:3 and temperature was then allowed to decrease by switching off the temprature controller. The solution remained stirred for 20 hours at room temperature in order to achieve coating. 3 wt. % PVA functionalized IONPs were separated with the permanent magnet and washed three times with deionized water. Finally, pure PVA coated IONPs were separated and dried at 35°C after removal of all the residual with washing. 6 wt. % PVA coated IONPs were also obtained by repeating the above mentioned procedure with only one variation i.e. molar ratio of IONPs: PVA = 1:6. The aqueous suspension of prepared uncoated nanoparticles (on left) and PVA coated IONPs separated with 200 nm filter (on right), and the effect of the external magnetic field are illustrated in [Fig 1](#pone.0158084.g001){ref-type="fig"}.

![Aqueous suspension and effect of the external magnetic field on both uncoated and PVA coated IONPs.](pone.0158084.g001){#pone.0158084.g001}

Loading of doxorubicin on uncoated and PVA coated iron oxide nanoparticles {#sec006}
--------------------------------------------------------------------------

Doxorubicin hydrochloride (DOX-HCl) anticancer drug was loaded onto the uncoated and 3/6 wt. % PVA coated IONPs. The DOX loading of IONPs was carried out by dissolving 10 mg of DOX in 100 ml of distilled water by shaking with orbital shaker for 10 minutes followed by the addition of 50 mg IONPs particles and vigorous stirring (300 rpm) at 25°C for 22 hours \[[@pone.0158084.ref034]\]. A strong permanent magnet was used to separate the DOX loaded IONPs, which were then dried in vacuum oven at 40°C. [Fig 2](#pone.0158084.g002){ref-type="fig"} shows the aqueous suspension of DOX loaded PVA coated IONPs and effect of external magnetic field on them.

![**Aqueous suspension of DOX loaded PVA coated IONPs (a) and the effect of the external magnetic field on these particles (b)**.](pone.0158084.g002){#pone.0158084.g002}

Results and Discussion {#sec007}
======================

Crystallographic structure and Morphology {#sec008}
-----------------------------------------

XRD patterns of uncoated, 3 wt. % and 6wt. % PVA coated, 3 wt. % and 6wt. % PVA coated DOX loaded IONPs are shown in [Fig 3A--3E](#pone.0158084.g003){ref-type="fig"}. XRD analysis reveals that all the samples are polycrystalline in nature with broad diffraction peaks due to the nano-size of the crystallites. The peaks along (220), (311), (400), (422), (440), (422), (511), (440) and (533) lattice planes correspond to the standard pattern of face centered cubic spinel Fe~3~O~4~ (JCPDS card No. 82--1533). The phase purity of complexes is evident from the absence of (210) and (300) planes corresponding to the maghemite (γ-Fe~2~O~3~). The observed decrement in the intensity of diffraction peaks reveals that with the increasing concentration of PVA and DOX loading, the crystallinity of the complexes decreases due to "masking" effect of the polymer. [Fig 3B--3E](#pone.0158084.g003){ref-type="fig"} shows the broadening of XRD peaks due to a reduction in crystallite size of PVA coated and DOX loaded IONPs \[[@pone.0158084.ref005], [@pone.0158084.ref035]\].

![XRD patterns of IONPs complexes.\
(a) Uncoated IONPs, (b) 3 wt. % PVA coated IONPs, (c) 6wt. % PVA coated IONPs, (d) 3 wt. % PVA coated DOX loaded IONPs and (e) 6 wt.% PVA coated DOX loaded IONPs.](pone.0158084.g003){#pone.0158084.g003}

Microstructure of the nanoparticles was further studied in detail with the help of transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED). HRTEM image ([Fig 4A](#pone.0158084.g004){ref-type="fig"}) confirms the crystalline nature of the uncoated IONPs. The experimentally calculated inter planner spacings 0.2521, 0.4862 and 0.2958 nm corresponding to the (311), (111) and (220) planes respectively are in fair agreement with that expected for face-centered cubic spinel structure of Fe~3~O~4~. SAED pattern ([Fig 4B](#pone.0158084.g004){ref-type="fig"}) shows a set of points obtained by diffraction of electrons from various planes of cubic Fe~3~O~4~ \[[@pone.0158084.ref036]\].

![**HRTEM (a) and SAED (b) images of uncoated IONPs**.](pone.0158084.g004){#pone.0158084.g004}

Compositional analysis {#sec009}
----------------------

The compositional analyses of the complexes were carried out by obtaining the energy dispersive spectra (EDS) as shown in [Fig 5](#pone.0158084.g005){ref-type="fig"}. The EDS analysis confirms that iron, carbon, and oxygen are the core elements in the uncoated, PVA coated and DOX loaded IONPs. The weight and atomic percentages along with binding energies of iron, oxygen, and carbon in IONPs complexes are depicted in [Fig 5A--5C](#pone.0158084.g005){ref-type="fig"}. [Fig 5(A)](#pone.0158084.g005){ref-type="fig"} reveals that the wt. % of iron and oxygen in uncoated IONPs are 71.14 and 28.86 respectively. The data obtained from EDS spectra is also presented in the form of chart and table (insets of [Fig 5A--5C](#pone.0158084.g005){ref-type="fig"}) for reader's convenience. Fig ([5B](#pone.0158084.g005){ref-type="fig"}) shows the wt. % of iron, oxygen, and carbon in 3 wt. % PVA coated IONPs as 62.06, 18.08 and 19.86 respectively. For DOX loaded 3 wt. % PVA coated IONPs, the wt. % of iron, oxygen and carbon is 41.17, 21.60 and 30.03, respectively as shown in [Fig (5C)](#pone.0158084.g005){ref-type="fig"}. The presence of PVA and confirmation of DOX loading are evident from the decrement in iron peaks and appearance of additional peak of carbon along with the ratios between atomic and weight percentages of carbon and oxygen (Fig [5B and 5C](#pone.0158084.g005){ref-type="fig"}). The appearance of copper surely comes from copper grid used for sample preparation. The binding energies of iron for all the complexes are presented by peaks observed at the energy values of 0.7, 6.5, and 7 keV \[[@pone.0158084.ref037], [@pone.0158084.ref038]\].

![EDS spectra along with atomic and weight percentage of elements in IONPs complexes.\
(a) uncoated (b) 3 wt.% PVA coated and (c) DOX loaded 3 wt.% PVA coated IONPs.](pone.0158084.g005){#pone.0158084.g005}

Conjugation of drug and polymer attachment with IONPs {#sec010}
-----------------------------------------------------

The FTIR is a suitable technique to find the attachment of polymer (PVA) to the IONPs and conjugation of the drug (DOX) with the PVA coated IONPs. [Fig 6(A)](#pone.0158084.g006){ref-type="fig"} exhibits the spectra of uncoated IONPs in which the absorption peak at 3403 cm^-1^ corresponds to O--H stretching (ν) vibrations and the peak at 1630 cm^-1^ belongs to H--O--H bending (δ) vibrations due to adsorbed water on the surface of uncoated IONPs. The absorption band of uncoated IONPs at 620 cm^−1^ attributes to the stretching vibrations of M~Th~--O--M~Oh~, where M~Th~ and M~Oh~ are the tetrahedral and octahedral positions occupied by the metallic particles. [Fig 6B & 6C](#pone.0158084.g006){ref-type="fig"}) reveals the spectra of pure PVA polymer and DOX with various absorption peaks accordingly with the database\[[@pone.0158084.ref039]\].

The spectrum of IONPs coated with 3 wt.% PVA given in [Fig 6](#pone.0158084.g006){ref-type="fig"} (D) shows the absorption peaks at 3375 cm−^1^ attributing to stretching vibration of O--H band (alcoholic). The band at 2926 cm−^1^ belongs to asymmetric CH~2~ stretching vibration where the additional peak at 2853 cm−^1^ is due to the symmetric C--H stretching vibration. The absorption peak at 1630 cm−^1^ divulges the H--O--H bending (δ) vibrations resulted from adsorbed water. Furthermore, the peaks at 1420 cm−^1^ and 836 cm−^1^ are related to C--C stretching vibrations and CH~2~ rocking respectively. The contribution of metal is confirmed from the appearance of ν(M--O--C (M = Fe)) band at 1058 cm−^1^ along with the absorption peaks at 605 cm−^1^ and 550 cm−^1^ resulted from stretching vibrations of M~Th~--O--M~Oh~ \[[@pone.0158084.ref040]\].

![**FTIR spectra (a) uncoated, (b) Pure PVA, (c) Pure Doxorubicin, (d) 3 wt.% PVA coated and (e) DOX loaded 3 wt.% PVA coated IONPs**.](pone.0158084.g006){#pone.0158084.g006}

The FTIR spectrum of 3 wt.% PVA coated IONPs after DOX loading is shown in [Fig 6(E)](#pone.0158084.g006){ref-type="fig"}. The N--H stretching vibrations (3267 cm−^1^), which are appeared in DOX loaded sample and overlap with that of alcoholic O--H band (3375 cm^-1^) observed in case of 3 wt.% PVA coated IONPs \[[@pone.0158084.ref041]\]. By comparing the FTIR spectra of pure DOX with that of DOX loaded 3 wt. % PVA coated IONPs, one can conclude that shift of band at 3375 cm−^1^ to subordinate frequency 3267 cm^-1^ confirms the conjugation of DOX with PVA coated IONPs. This conjugation can be further explained by the interaction of--OH groups of PVA with--NH~2~ groups of DOX via hydrogen bonding. The N--H stretching vibrations in DOX loaded 3 wt. % PVA coated IONPs appear at a lower frequency *i*.*e*. 865 cm−^1^ compared to that observed in pure DOX at 885 cm−^1^ validates the above mentioned conjugation \[[@pone.0158084.ref042]\].

Size effect {#sec011}
-----------

For in-vivo bio-distribution, the size of nanoparticles has major significance, which decides the routes and retention time of these particles in the body. The size, surface morphology, coating and the size distribution of the synthesized nanoparticle complexes were studied comparatively in detail with a transmission electron microscope (TEM). The TEM images ([Fig 7A--7C](#pone.0158084.g007){ref-type="fig"}) show the average diameter of nanoparticles for all complexes. For uncoated IONPs, TEM image ([Fig 7A](#pone.0158084.g007){ref-type="fig"}) discloses that the agglomeration is still there even after dispersion in ethanol and shape of the nanoparticles is not completely spherical. The average diameter obtained for uncoated IONPs is 11.018 nm. The ability of PVA molecules to disperse the IONPs when coated with a polymer (3 wt. % PVA) is confirmed by the observation of well individualized PVA wrapped IONPs with spherical shape ([Fig 7B](#pone.0158084.g007){ref-type="fig"}). The PVA coated nanoparticles with an average diameter of 9.644 nm are obtained, and one can conclude that PVA supports to avoid agglomeration and reduces the particle size up to some extent as reported earlier \[[@pone.0158084.ref013], [@pone.0158084.ref043]\]. It is important to mention here that, when DOX is loaded onto the PVA coated IONPs; their average diameter is observed to increase slightly by conjugation of DOX and becomes 10.42 nm ([Fig 7C](#pone.0158084.g007){ref-type="fig"}). This conjugation of DOX with PVA coated nanoparticles can be further confirmed by the existence of 2.5--3.5 nm thick layers around the particles. Thus the size of the IONPs obtained in the present study is fine enough to escape engulfment by the Reticulo-endothelial System (RES) of the body or circulating macrophages, thus having a better therapeutic efficiency due to increased residence time in the blood \[[@pone.0158084.ref044]\] and IONPs can behave as a "single super spin", which is good for magnetically targeted drug delivery \[[@pone.0158084.ref037]\].

![**TEM images and size distribution of IONPs complexes (a) uncoated, (b) 3 wt. % PVA coated and (c) 3 wt. % PVA coated DOX conjugated IONPs**.](pone.0158084.g007){#pone.0158084.g007}

Magnetic properties {#sec012}
-------------------

The magnetic study of all samples reveals that the IONPs exhibit superparamagnetic behavior since hysteresis curves ([Fig 8](#pone.0158084.g008){ref-type="fig"}) show the absence of remanence and coercivity. The observed high magnetic response of these particles originates from the size dependent magnetic properties as expected. The existence of single magnetic domain in IONPs complex when the particles are small enough results in novel property termed as "single super spin" \[[@pone.0158084.ref045]--[@pone.0158084.ref047]\]. Saturation magnetization (M~s~) of uncoated, PVA coated and DOX loaded IONPs was observed at an applied field of 10000 Oe. Saturation magnetization (M~s~) of uncoated IONPs ([Fig 8A](#pone.0158084.g008){ref-type="fig"}) has a value of 70.07 emu less than that of bulk magnetite 88 emu \[[@pone.0158084.ref048]--[@pone.0158084.ref050]\]. The saturation magnetization of DOX loaded IONPs before polymer coating is about 62 emu that is less than that of uncoated IONPs. For 3 and 6 wt. % PVA coated IONPs, saturation magnetization (Ms) is found to be reduced significantly to values of 54.42 and 35.07 emu, respectively. The rapid decrease in Ms with increasing concentration of PVA polymer coating is established earlier \[[@pone.0158084.ref051]\]. This is due to the radical--OH group of PVA and dilution effect from adsorbed water. TEM shows that after PVA coating, the size of the particles reduces and the surface effects might cause Ms to decrease \[[@pone.0158084.ref031]\]. Literature suggests that, if surfactant is coated on IONPs, the surfactant layer can be considered as a dead layer at the surface and observed reduction in magnetization would cause by the quenching of surface moments \[[@pone.0158084.ref052]\]. Boyer *et al*. \[[@pone.0158084.ref053]\] proposed that the hydroxyl environment of blood might also result in a reduction of saturation magnetization of nanoparticles during the in-vivo study. However, DOX loading on IONPs can change the alignment of surface atomic spins caused by the broken exchange that ultimately reduces the coordination between surfaces spins \[[@pone.0158084.ref035]\]. Thus, drug loading and polymer coating on IONPs can reduce the M~s~ to 26.45 emu but the magnetic behavior remains unchanged *i*.*e*. superparamagnetic. The observed magnetic characteristics of IONPs are decent for delivering the drug to the target site when these particles are guided magnetically.

![**Magnetic profile of IONPs complexes at room temperature, (a) uncoated, (b) DOX loaded uncoated, (c) 3wt. % PVA coated, (d) 6wt. % PVA coated, (e) DOX loaded 3wt. % PVA coated and (f) DOX loaded 6wt. % PVA coated IONPs**.](pone.0158084.g008){#pone.0158084.g008}

Conclusions {#sec013}
===========

Superparamagnetic IONPs suspensions in ultra-pure water were prepared with an effective and simple scheme employed in reformed co-precipitation method. To avoid oxidation of iron from Fe^+2^ to Fe^+3^, synthesis was performed with a slightly low ratio of Fe^+3^ rather than utilizing the nitrogen environment. TEM pattern clearly indicates a mean particle size of \~10 nm for iron oxide particles. High resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) confirms the crystalline nature of IONPs. PVA coating and DOX loading was confirmed by XRD, TEM, EDS and FTIR. The saturation magnetization being the most important factor for target drug delivery via IONPs guided by external magnetic field has been optimized depending on the PVA concentration and magnetic studies suggest that the PVA concentration of 3 wt. % after DOX loading resulted in saturation magnetization having fine enough value. Since, at higher concentrations of PVA, one may lose the control over the drug delivery via external magnetic field due to a reduction in the saturation magnetization. It would be difficult to guide the particles having smaller magnetizations in the blood vessels where the environment is completely different based on skin, tissue etc. The synthesized IONPs seem to have potential applications in diagnostic and therapeutic fields of biomedicine.
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